INTRODUCTION
============

Secondary active transporters transport a panoply of substrates against their electrochemical gradients by coupling their movement to the "downhill" transit of one or more small inorganic ions, most commonly H^+^ or Na^+^. Organisms across the living kingdoms use these proteins for a host of biological functions, from nutrient uptake to xenobiotic removal. Secondary active transporters have been classified in several ways, i.e., based on sequence similarity, substrate specificity, or structural fold ([@bib29]; [@bib5]; [@bib16]). Our mechanistic understanding of these proteins has progressed far in the last decade, in large part because of the increasing number of atomic resolution x-ray crystal structures of such transporters. One unexpected revelation as a result of this development is the discovery that many transporters, previously thought to be unrelated, actually share common tertiary protein folds. For example, the structure of LeuT, a member of the neurotransmitter/sodium symporter family, was first solved by the Gouaux laboratory ([@bib39]), after which a series of subsequent structures, including Mhp1 ([@bib38]), ApcT ([@bib33]), BetP ([@bib30]), AdiC ([@bib10]), vSGLT ([@bib36]), GadC ([@bib23]), MhsT ([@bib24]), and ScaDMT ([@bib9]), turned out to be structurally similar despite extremely limited sequence similarity. Comparisons of these proteins have led to insight into shared and divergent features of their mechanisms. In contrast, some other transporter structures have not followed this pattern. For example, the structural folds represented by the aspartate transporter Glt~Ph~ ([@bib40]), the nucleoside transporter VcCNT ([@bib19]), and the succinate transporter VcINDY ([@bib25]) are so far unique and without parallel in other structures determined to date.

Two recent papers, published almost simultaneously, described new structures of proteins with reportedly unique folds. One of these proteins, MtrF from *Neisseria gonorrhoeae* (the causative agent of gonorrhea; [@bib35]), is thought to be an antimicrobial efflux pump ([@bib13]; [@bib35]). The MtrF structure reveals a dimer, with nine transmembrane (TM) helices and two helical hairpins (HPs) in each protomer. Expression of MtrF in *Escherichia coli* conferred resistance to several sulfonamide antimicrobials and reduced the accumulation of radiolabeled sulfamethazine in the bacteria, consistent with the proposed role for MtrF in antimicrobial resistance. The other protein, YdaH from *Alcanivorax borkumensis* ([@bib3]), also reported as a unique fold, has remarkably similar features: dimeric structure, nine TM helices, and two hairpins per protomer. Moreover, YdaH also conferred sulfonamide resistance and reduced the accumulation of radiolabeled sulfa drugs in *E. coli* ([@bib3]). On visual inspection, these protein structures also look similar, perhaps unsurprisingly, as both belong to the *p*-aminobenzoyl-glutamate transporter AbgT gene family (transporter classification database \[TCDB\] 2.A.68; [@bib32]; [@bib35]).

We were further surprised that, to our eyes, both of these protein structures also appear quite similar to a structure of the Na^+^-coupled succinate transporter VcINDY ([@bib25]). VcINDY belongs to the divalent anion/Na^+^ symporter (DASS) family (TCDB 2.A.47) and is homologous to transporters in the human solute carrier family 13, SLC13 ([@bib1]). It has been proposed, based on bioinformatic analysis, that the DASS and AbgT families are distant relatives belonging to a single superfamily called the ion transporter superfamily ([@bib29]; [@bib5]). Here, we use computational methods to test the hypothesis that, like the LeuT family, these apparently unrelated structures share the same basic fold. We demonstrate that all three proteins share common structural features, confirming their assignment within the ion transporter superfamily ([@bib29]; [@bib5]). MtrF, YdaH, and VcINDY also exhibit interesting sequence hallmarks that were reported previously for VcINDY ([@bib25]), but not for YdaH and MtrF. These structural similarities suggest an underlying mechanistic unity across the superfamily. Here we take advantage of these structural similarities to predict binding sites for ions not resolved in some of the structures. The identification of subtle structural differences may yield insight into the adaptations necessary to bind strikingly different substrates.

MATERIALS AND METHODS
=====================

Structural comparison
---------------------

A structural comparison of the transporters VcINDY (Protein Data Bank \[PDB\] accession no. [4F35](4F35); [@bib2]; [@bib25]), MtrF (PDB accession no. [4R1I](4R1I); [@bib35]), and YdaH (PDB accession no. [4R0C](4R0C); [@bib3]) was performed using the fragment-based structure alignment program Fr-TM-align ([@bib27]), which is one of the most accurate methods for structurally aligning membrane proteins ([@bib34]). Several alignments were performed; in each case, we compared all combinations of the three structures, namely MtrF aligned with VcINDY, YdaH aligned with VcINDY, and MtrF aligned with YdaH. Individual protomers in the dimer were compared using chain A of each PDB file. Each protomer was also divided into two segments, using definitions similar to that of the sodium-coupled aspartate transporter Glt~Ph~ ([@bib31]). In Glt~Ph~, the substrate is bound within a discreet domain called the transport domain, which moves independently of the helices at the oligomer interface ([@bib31]). The helices that encompass the substrate-binding site, and that appear likely to move during the conformational change, were defined as the transport domain. This segment is equivalent to the so-called outer core region defined for MtrF ([@bib35]). The helices contributing to the dimer interface in VcINDY, MtrF, and YdaH (the oligomerization domain) were treated as part of a larger, so-called scaffold domain, including helices that link to the transport domain. This designation is equivalent to the inner core of MtrF ([@bib35]). The scaffold and transport domains of each structure were also compared separately. In VcINDY, the scaffold and transport domains were defined as residues 19--126 plus 253--356, and residues 127--242 plus 357--462, respectively. In MtrF, residues 10--126 and 253--391 define the scaffold domain, whereas the transport domain was defined as residues 127--252 and 392--516. In YdaH, the scaffold and transport domains were defined as residues 17--113 plus 244--372, and residues 114--243 plus 373--492, respectively. The position of VcINDY and MtrF in the membrane was determined with the Orientations of Proteins in Membranes (OPM) server ([@bib22]), and the orientation of YdaH was defined after superposition of the YdaH dimer onto that of MtrF. Sequence alignments were reported by Fr-TM-align and reflect the residues closest in space after structural alignment. Secondary structure assignments were estimated for the x-ray structures using the Define Secondary Structure of Proteins (DSSP) program ([@bib20]). Alignments were rendered with the Jalview (version 2.8) software ([@bib37]).

Binding pocket analysis
-----------------------

The surface of the binding pocket in each structure was calculated using the CAVER 3.0.1 program ([@bib28]) with default parameters. The starting point for the calculation of the volume was the center of mass of the Cα atoms of residues 150--152, 377--379, and 421 in VcINDY; for MtrF and YdaH, the transport domains were first superimposed onto that of VcINDY before computing the volume. For analysis of the sodium sites, the structures of YdaH and MrtF, as well as the model of human NaPi-IIa previously reported by [@bib11], were superimposed onto the structure of VcINDY. Putative binding site residues (Ser, Thr, Asn, Gln, Asp, or Glu) were identified within 8 Å of any of the sodium ions (Na2 in VcINDY or Na3 in YdaH) after superimposition. All figures were generated using PyMOL (version 1.6; Schrödinger, LLC). Helix--helix packing angles were calculated using PyMOL.

Sequence analysis
-----------------

Sequence homologues of the three proteins were identified using Jackhmmer ([@bib12]), with one iteration, against the "55 representative proteomes" sequence database. The obtained sequences were sorted by length and clustered at 90% identity using the UCLUST algorithm (version 1.2; [@bib8]). Short sequences, that is, \<450 or \<350 amino acids long, for VcINDY or MtrF/YdaH, respectively, were excluded, leaving 414, 187, and 176 homologues of VcINDY, MtrF, and YdaH, respectively. Multiple-sequence alignments were then built with the MAFFT server ([@bib21]) and analyzed with Jalview ([@bib37]). The conservation of residues was estimated as residue probabilities using the Weblogo server (version 3.4; [@bib7]).

RESULTS
=======

A similar structural arrangement
--------------------------------

Visual inspection of VcINDY, MtrF, and YdaH suggests a similar three-dimensional fold and topology. VcINDY is dimeric, with each protomer containing 11 TM α helices. MtrF and YdaH are also dimers, but with nine α-helical TM segments in each subunit. As shown in [Fig. 1](#fig1){ref-type="fig"}, the spatial distribution of the subdomains in the three transporters is almost identical, with helices at the central oligomerization interface (dark blue) combined with additional peripheral helices (cyan) together providing a scaffold (scaffold domain) that frames the core substrate-binding, or transport, domain (green; see Materials and methods).

![Structure of the VcINDY, MtrF, and YdaH transporters. Cartoon representation of the VcINDY (A), MtrF (B), and YdaH (C) dimer structures shown from the extracellular side of the membrane (left). The scaffold domain is colored cyan and dark blue, with the dark blue regions indicating helices involved in oligomerization. The transport domain containing the substrate-binding site(s) is colored green. The helices forming each domain are detailed in the topology diagrams to the right. HPs 1 and 2 correspond to HPin and HPout, respectively, in the nomenclature of [@bib25].](JGP_201511481_Fig1){#fig1}

Notwithstanding the fact that the VcINDY structure has two additional TM helices, all three proteins carry several conserved structural elements ([Fig. 1](#fig1){ref-type="fig"}). Within the scaffold domain, the tripartite helices TM4 and TM9 of VcINDY correspond to TM2 and TM7 of MtrF and YdaH, while in the transport domain, the interrupted helices TM5 and TM10 of VcINDY are equivalent to TM3 and TM8 of MtrF and YdaH. The TM topologies of the transport domains are identical in all three structures, including the presence of two HPs. Each HP enters and exits the membrane on the same side, and these motifs are therefore also known as reentrant helices. HPs proximal to a canonical helix as well as to an interrupted helix with an intramembrane loop have mechanistic roles in other membrane-transport proteins of known structure, namely Glt~Ph~ ([@bib40]) and the concentrative nucleoside transporter from *Vibrio cholerae*, VcCNT ([@bib19]).

The most significant difference between the three proteins is found in the N-terminal region, where TM1, TM2, and TM3 of VcINDY are reduced to a single TM helix, TM1 in MtrF and YdaH. In addition, although the MtrF and YdaH structures seem to be quite similar, there are subtle differences: TM1 is interrupted in MtrF, the TM1--TM2 loop forms a β hairpin in YdaH, and the TM4--TM5 loop contains a short helix (α1) only in MtrF.

Importantly, in all three proteins, the N-terminal half of the protein relates to the C-terminal half by a twofold pseudo-symmetry, with the two halves oriented in opposite directions and the symmetry axis parallel to the membrane plane. These two structural repeats in VcINDY are formed by TM2--TM6 and TM7--TM11, whereas the repeats in MtrF and YdaH comprise helices TM1--TM4 and TM6--TM9. Although rare among membrane proteins in general, inverted-topology pseudo--C2 symmetry is common to around three fourths of secondary transporter folds ([@bib14]), and appears to facilitate a conformational mechanism of alternating access involving asymmetry exchange ([@bib15]; [@bib6]; [@bib14]).

Structurally equivalent segments
--------------------------------

As a quantitative assessment of the differences between VcINDY, MtrF, and YdaH, we performed a structural comparison of the protomers after alignment with FR-TM-align ([Fig. 2](#fig2){ref-type="fig"}; [@bib27]). The MtrF and YdaH structures are extremely similar, with a root mean square deviation (RMSD) of the Cα atoms of 2.1 Å. The structural alignment between the protomers of MtrF and VcINDY yields a somewhat lower RMSD of 4.3 Å, whereas the RMSD between YdaH and VcINDY was 4.6 Å. We also compared the structural similarity using the so-called template modeling score (TM-score), a normalized length-independent measure, where a TM-score \>0.5 indicates that two structures have essentially the same fold ([@bib41]). The TM-scores of the MtrF-VcINDY, YdaH-VcINDY, and MtrF-YdaH alignments were 0.72, 0.72, and 0.94, respectively. Thus, the structures of MtrF and YdaH are clearly more similar to each other than either structure is to that of VcINDY.

![Structural comparison of the VcINDY, MtrF, and YdaH transporters. (A) A structural alignment of the whole structure of each protomer is shown from the extracellular side of the membrane, with the helices colored according to the topology. The MtrF-VcINDY, YdaH-VcINDY, and MtrF-YdaH alignments are shown on the left, middle, and right, respectively. The structural superimpositions of the scaffold-oligomerization (B) and transport (C) domain are shown from a view parallel to the membrane plane. The scaffold-oligomerization domains exhibit the most significant differences, which are highlighted in red. The structural alignments were obtained using the program Fr-TM-align. The RMSD and TM-score of the structural alignment are given in each case, along with the number of aligned residues and the length of the shortest input.](JGP_201511481_Fig2){#fig2}

Comparing only the scaffold domains (defined hereafter as including the helices in the oligomerization interface), the RMSD between MtrF and VcINDY was 4.7 Å, whereas for the YdaH-VcINDY alignment, the RMSD was 5.1 Å. In both cases, the TM-score for these local evaluations was 0.55, consistent with weak fold similarity. In contrast, the scaffold domains in MtrF-YdaH are clearly more closely conserved, with an RMSD of 1.9 Å and a TM-score of 0.90. [Fig. 2 B](#fig2){ref-type="fig"} illustrates the major structural differences between VcINDY and the other two proteins (red). Some of these differences, such as the presence of a short helix α1 in MtrF, were noted in the topology comparison above. Other differences may arise as a result of the low confidence of the loop structures, especially for the peripheral regions of MtrF, such as the TM1--TM2 loop, which have the lowest resolution and the highest temperature factors (not depicted). Interestingly, TM1 of MtrF and YdaH contributes to the dimer interface, whereas TM1 in VcINDY does not. We also note the possibility that TM2 and TM3 of VcINDY evolved from, or into, the two antiparallel β strands in YdaH, and into the long unstructured TM1--TM2 loop in MtrF.

For the transport domains, the three structural alignments ([Fig. 2 C](#fig2){ref-type="fig"}) revealed a high structural homology. For the MtrF-VcINDY, YdaH-VcINDY, and MtrF-YdaH alignments, the RMSD values were 3.3, 2.9, and 1.8 Å, and the TM-scores were 0.74, 0.77, and 0.92, respectively. The most important differences in the transport domain were found in the TM3b and TM8b helices of MtrF and YdaH, which are equivalent to TM5b and TM10b, respectively, in VcINDY. These helices have different lengths and orientations in the three transporters, as described in detail below.

Conformational and substrate-bound states
-----------------------------------------

Visual inspection of the crystal structures of VcINDY, MtrF, and YdaH reveals a similar conformational state of the protomers in the membrane, with all three proteins adopting conformations in which the presumed substrate-binding sites face the cytoplasm ([Fig. 3, A--C](#fig3){ref-type="fig"}).

![Ligand pathways and binding sites in the three inward-facing structures. Cartoon representation of the MtrF (A), YdaH (B), and VcINDY (C) dimer structures viewed along the membrane plane. The subunits on the right are colored with separate colors for each helix. Ligands are shown as spheres, with their presumed pathways illustrated using arrows. The position of the dimers in the membrane was determined for the x-ray structures using the Orientations of Proteins in Membranes (OPM) server. Each of the three transporters forms an upside-down bowl-shaped structure with a concave aqueous basin facing the intracellular side. VcINDY has a citrate molecule and a Na^+^ ion modeled in the binding site of each protomer, whereas YdaH has a Na^+^ ion in each protomer. No substrate was detected in the MtrF structure. To the right of each dimer, the transport domain is shown with a surface representation of the binding pocket in white, indicating that the binding sites vary in size in the presence of substrates. (D) Comparison of the tilt angle of TM5b in VcINDY (light blue and pink) with either TM3b of YdaH (left; dark blue and red) or TM3b of MtrF (right; dark blue and red). The binding pockets were superimposed using the first three helix turns of HP2b, and the angle of TM3b relative to TM5b was calculated. The position of the ligands is shown for VcINDY (transparent spheres) and YdaH (purple sphere).](JGP_201511481_Fig3){#fig3}

The binding sites in the three transporter structures include different substrates, reflecting their different specificities and/or differences in crystallization conditions. The F~o~--F~c~ map of VcINDY contains positive densities that were assigned to a citrate molecule and a sodium ion in each protomer, whereas YdaH has density assigned to one sodium ion per protomer. However, there was no evidence for a bound substrate in the structure of MtrF, either because the structure represents an apo state or because the resolution of the structure (3.95 Å) is too low to resolve the substrate.

Comparison of the transport domains revealed similar folds and orientations for HP1 and HP2, TM4 or TM6 (in YdaH/MtrF or VcINDY, respectively), as well as for TM9 or TM11 ([Fig. 3, A--C](#fig3){ref-type="fig"}, right). However, the interrupted helices TM3 or TM5 and TM8 or TM10 show important differences between the three protein structures. Specifically, in MtrF and YdaH, TM3b and TM8b are longer than the equivalent helices TM5b and TM10b in VcINDY. Moreover, the angle of TM3b relative to HP2b increases by ∼21° in YdaH relative to VcINDY, and by a further ∼6° in MtrF ([Fig. 3 D](#fig3){ref-type="fig"}). This difference in helix orientation is potentially correlated with substrate or inhibitor binding, as the binding pocket appears to be smallest in the structure of VcINDY with citrate and sodium bound ([Fig. 3, A--C](#fig3){ref-type="fig"}, right). Thus, TM3b may provide a "lid" over the substrate-binding site, which will be tilted in the substrate-free conformation and more straight in the "closed," substrate-occluded state, analogous to the lid formed by HP2 in Glt~Ph~ ([@bib4]). However, it is also possible that the differences between the binding sites in the three structures reflect their different sequences and substrate specificities rather than changes between apo and holo states.

Conserved motifs in the binding sites
-------------------------------------

The functional data reported so far for the three transporters suggest differences in the type of coupling ion. Specifically, VcINDY is a sodium-dependent dicarboxylate transporter ([@bib26]), whereas MtrF was proposed to be a proton-motive force (PMF)-dependent efflux pump ([@bib35]), and YdaH is a PMF-dependent *p*-aminobenzoyl-glutamate transporter also regulated by sodium ([@bib3]). Notably, VcINDY is a cotransporter, whereas the evidence for MtrF and YdaH suggests that they both function as antiporters. In spite of these differences in function, the three transporters share important amino acid motifs in their binding sites.

Overall, the sequence alignments extracted from structural superposition of MtrF-VcINDY, YdaH-VcINDY, and MtrF-YdaH reveal 11.2, 15.5, and 44.1% identical residues and 34.0, 36.5, and 63.7% similar residues, respectively ([Fig. 4](#fig4){ref-type="fig"}). Focusing on the tips of the HPs reveals interesting sequence motifs, close to the substrate-binding sites, which have been described previously only for transporters of the DASS family ([@bib25]). In the loop connecting HP1a and HP1b, homologues of all three proteins contain an S\[NHS\]xA\[ST\] motif ([Fig. 5](#fig5){ref-type="fig"}, left). In YdaH and MtrF, this motif is followed by a conserved acidic residue (asp or glu). HP2 contains a similar motif ([Fig. 5](#fig5){ref-type="fig"}, right). In VcINDY homologues, this sequence is typically S\[NH\]T\[AV\]\[TAS\], whereas in MtrF and YdaH homologues, the motif is S\[AG\]SAΦ, where Φ is usually large and polar (lys or asn).

![Sequence analysis of the three transporters. Sequence alignment between MtrF and VcINDY (A), YdaH and VcINDY (B), and MtrF and YdaH (C), extracted from the structure alignment obtained with the Fr-TM-align program. The sequence identity and similarity are given in each case. The alignment is colored according to the chemical properties of the residues: pale yellow, aliphatic (Ala, Ile, Leu, Met, and Val) and cysteine; cyan, polar uncharged (Asn, Gln, Ser, and Thr); yellow-orange, aromatic (Phe, Trp, and Tyr); red, acidic (Asp and Glu); purple, basic (Lys, Arg, and His); pink, Gly and Pro. The secondary structure (helix) assignments were obtained with DSSP and are indicated by blue rectangles. Black rectangles mark the motifs involved in the substrate-binding sites.](JGP_201511481_Fig4){#fig4}

![Sequence logos for key motifs in homologues of VcINDY, MtrF, and YdaH. The conservation of motifs for VcINDY (A), MtrF (B), and YdaH (C) was evaluated separately over a set of close homologues of each protein (≥90% identity). The motifs for YdaH are identical to that of MtrF because the set of homologues contain \>90% of the same sequences. Multiple sequence alignments of the homologue sequences were built in each case, and logos were created with WebLogo (version 3.4; [@bib7]). The secondary structure assignments are indicated by blue (helix) and gray (loop) rectangles. Yellow triangles indicate the residues involved in sodium binding according to the structural data.](JGP_201511481_Fig5){#fig5}

We note that neither the HP1 motif nor the HP2 motif is 100% conserved. For example, HP1 in YdaH contains the sequence SSLTVD; that is, the last Ser/Thr residue has been replaced by Val relative to MtrF and VcINDY. In addition, the HP1 motif is located in slightly different positions in the structure: either within HP1b in VcINDY or closer to HP1a in MtrF and YdaH (see [Fig. 4](#fig4){ref-type="fig"}). Nevertheless, the fact that a similar pattern is found in both the DASS and AbgT families, which have very diverse sequences overall, suggests that these regions are important for function and may be involved in cation binding or play a structural role.

Site-directed mutagenesis of the second serine in the HP2 motif to alanine in MtrF (S417A) reduced the ability of *E. coli* cells to accumulate sulfamethazine ([@bib35]), supporting our proposal that this residue is an important component of a functional motif. To analyze these motifs and other residues involved in cation binding, we carried out a structural characterization of the known binding sites.

Sodium-binding sites
--------------------

The structures of the VcINDY, MtrF, and YdaH dimers were determined at a resolution of 3.20, 3.95, and 2.96 Å, respectively ([@bib25]; [@bib3]; [@bib35]). Thanks to their higher resolution, the most reliable binding site details can be obtained from the structures of YdaH and VcINDY. The crystallographic analysis of VcINDY revealed a positive peak in the F~o~--F~c~ map that was assigned to a sodium ion at a position between HP1 and the unwound segments of TM5 ([@bib25]). For reasons that will become clear, we refer to this site as "Na2," consistent with previous work on the sodium phosphate cotransporter NaPi-IIa (see below), rather than "Na1," as named by [@bib25]. This Na2 site in VcINDY includes coordination from residues Ser146, Ser150, Asn151 (HP1), and Gly199 (in the loop between TM5a and TM5b, L5ab; [Fig. 6 A](#fig6){ref-type="fig"}). Two of these four residues, Ser150 and Asn151, belong to the HP1 motif, and all the residues in the Na2 site originate from the first structural repeat.

![Known and predicted binding ion sites in the ion transporter superfamily fold. Two Na^+^-binding sites have been reported based on the experimental electron density; these ions are shown as opaque purple spheres, and residues coordinating those ions directly are indicated by labels in bold font. (A) In VcINDY (PDB accession no. [4F35](4F35)), a density was identified at the region labeled Na2. (B) In YdaH (PDB accession no. [4R0C](4R0C)), a density was identified at the region labeled Na3. The corresponding sites in VcINDY (Na3) and YdaH (Na2), shown as transparent spheres, were predicted after superposing YdaH on VcINDY with Fr-TM-align. Putative coordinating residues (Asn, Gln, Asp, Glu, Thr, or Ser within 8 Å of the ion) for the predicted YdaH-Na2 and VcINDY-Na3 site regions are indicated with spheres and labeled. The ion nomenclature follows that adopted previously for NaPi-II (see Results). The protein is shown as ribbons, and residues of interest are highlighted using spheres at the position of the Cα atom. (C) The equivalent region in MtrF (PDB accession no. [4R1I](4R1I)), which is a putative H^+^-coupled transporter. (D) Structural model of human NaPi-IIa, with ions placed according to the results from VcINDY and YdaH shown as purple spheres. For NaPi-IIa, biochemical and electrophysiological evidence supports a role in phosphate or sodium binding for the residues shown as spheres (\*). During the transport cycle of NaPi-IIa, an additional sodium binds before Na2 and Na3, at a site named Na1 (not depicted). The structures of VcINDY, YdaH, and MtrF are oriented with the extracellular side toward the top of the page, whereas NaPi-IIa is oriented with the cytoplasmic side toward the top of the page, because it inserts in the membrane in the opposite direction from the other transporters.](JGP_201511481_Fig6){#fig6}

The structure of YdaH also revealed a density for a sodium ion, but in this case the site is located between HP2 and the broken helix TM8, that is, in the second repeat ([Fig. 6 B](#fig6){ref-type="fig"}). We refer to this position as the "Na3" site, and its coordination in YdaH involves side chains from residues Asn390, Asp429, and Asn433, as well as backbone atoms from Gly394 and Asp429. Interestingly, the two known sodium sites are in pseudo-symmetric positions in the overall fold, with Na2 within the first structural repeat (in VcINDY) and Na3 formed by the second repeat (but in YdaH). Each site is formed by the hairpin and the interrupted helix in its respective repeat. For VcINDY, a second sodium site was previously proposed based on internal pseudo-symmetry with the known site ([@bib25]), and the current observations lend weight to that prediction. However, the VcINDY-Na2 and YdaH-Na3 sites are not ideally symmetric, presumably because of local differences in the sequence motifs. For example, the VcINDY site involves a conserved Asn residue at the N-terminal end of the second helix in HP1 (HP1b; [Fig. 5 A](#fig5){ref-type="fig"}), whereas the YdaH site involves a conserved Asn at the C-terminal end of the first helix of HP2 (HP2a; [Fig. 5 C](#fig5){ref-type="fig"}).

Recently, a sodium phosphate cotransporter, NaPi-II, was shown to have a similar fold to that of VcINDY, based on bioinformatic analysis combined with biochemical and electrophysiological studies ([@bib11]). NaPi-II transports three sodium ions along with its substrate phosphate, and it is known that one sodium (Na1) binds in the absence of phosphate, whereas the other ions (Na2 and Na3) bind concurrently with phosphate ([@bib17], [@bib18]; Forster, I.C. 2007. Workshop 5: The kidney: Cellular, tubular and vascular physiology, OSU: Mathematical Biosciences Institute). In the recent bioinformatic study, a homology model of NaPi-II was built using VcINDY as a template, and a binding site for a sodium ion (Na2) equivalent to that of VcINDY was proposed ([@bib11]). This Na2 site in NaPi-II is formed primarily by residues from the first structural repeat ([Fig. 6 D](#fig6){ref-type="fig"}), as in VcINDY ([Fig. 6 A](#fig6){ref-type="fig"}). An additional site for a sodium ion in NaPi-II was predicted at the pseudo-symmetric position to the Na2 site, and therefore this putative Na3 site involves residues from the second repeat ([Fig. 6 D](#fig6){ref-type="fig"}). Mutation of the residues contributing to the predicted Na2 and Na3 sites in human NaPi-IIa (Gln417, Ser418, and Ser419 in HP2, and Thr451 and Thr454 in TM5; [Fig. 6 D](#fig6){ref-type="fig"}) abolished transport, although the mutants retained their ability to bind the first sodium (Na1), consistent with the predicted roles of these residues only in Na2 and Na3 binding ([@bib11]). The predicted Na3 site in the NaPi-II model is in excellent agreement with the position of the Na3 site in the recent structure of YdaH ([Fig. 6 D](#fig6){ref-type="fig"}; compare [Fig. 6 B](#fig6){ref-type="fig"}). Specifically, the ion at Na3 and the Cα atoms of residues Ser418 and Thr454 in NaPi-IIa are \<2 Å from the ion and the equivalent atoms in Gly394 and Asn433 in YdaH, validating the earlier NaPi-IIa model and providing support for the assignment of the YdaH density as a sodium ion.

Putative sodium-binding sites
-----------------------------

Although only a single Na^+^ ion site was identified in VcINDY, succinate symport requires at least three Na^+^ ions ([@bib26]). Thus, additional sites must be present elsewhere in the VcINDY structure; these ions are not detected presumably either because of the low (3.2-Å) resolution or because of the particular conformational state of the protein in the crystal. For YdaH, on the other hand, the sodium/substrate stoichiometry is not known ([@bib3]). Here, we compare the structures of the two transporters to predict Na^+^-binding sites in VcINDY, and to examine whether and/or where YdaH might bind a second cation. Specifically, after superposition of YdaH onto VcINDY, we identified all polar and acidic residues with side chains within 8 Å of either of the crystallographic sodium ions (Na2 in VcINDY or Na3 in YdaH; [Fig. 6, A and B](#fig6){ref-type="fig"}).

Residues fulfilling these criteria in VcINDY (in the region equivalent to Na3 in YdaH) include: Thr373, Ser377, Asn378, Thr379, and Ser381 in HP2; and Ser412 and Thr421 in the loop between TM10a and TM10b, L10ab ([Fig. 6 A](#fig6){ref-type="fig"}). Notably, the five residues from HP2 belong to the sequence TxxxSNTxT in the second repeat of VcINDY, and are therefore equivalent to the residues in the HP1 motif that form the Na2 site ([Fig. 5 A](#fig5){ref-type="fig"}). Indirect support for a role for several of these residues (Ser377, Asn378, Ser412, and Thr421) is provided by the deleterious effects of mutations of the corresponding residues in the Na3 site in NaPi-IIa ([Fig. 6 D](#fig6){ref-type="fig"}; [@bib11]). These predictions for the Na3 site of VcINDY are broadly similar to those made previously based on internal symmetry ([@bib25]), but the present analysis provides stronger support for the involvement of specific residues.

In the case of YdaH, the positions equivalent to the Na2 site of VcINDY that potentially also coordinate sodium in YdaH are residues Ser129, Ser130, Thr132, and Asp134 in HP1, and Ser167, Ser171, and Asn173 in TM3b in the loop between TM3a and TM3b, L3ab. The strong cation-binding character of these residues suggests that they might bind a sodium ion ([Fig. 6 B](#fig6){ref-type="fig"}), assuming a stoichiometry of two or more sodium ions. However, these residues could also be required for proton or substrate binding, or for some other aspect of function.

Finally, we also superimposed the structure of MtrF onto VcINDY and YdaH, and identified equivalent residues in MtrF within 8 Å of the two structurally determined ions ([Fig. 6 C](#fig6){ref-type="fig"}). This comparison identifies Glu147 in repeat 1 and Asp449 in repeat 2 as particularly notable residues close to the sodium-binding sites of VcINDY and YdaH. Because MtrF is dependent on the PMF and not on sodium, these acidic residues may become protonated during transport. More detailed predictions for MtrF are precluded by the low (3.95-Å) resolution of the MtrF structure and by the need for additional information about the coupling mechanism. Further analysis will be required to confirm the ion dependence, stoichiometry, and binding-site residues in YdaH, MtrF, and VcINDY.

DISCUSSION
==========

In this study, we showed that three recently published x-ray crystallographic structures, which were reported as novel structural folds, are in fact related. The structures of two proteins from the AbgT family, YdaH and MtrF, are very similar, with only minor differences in peripheral loops, and an overall TM-score of 0.94, consistent with a sequence identity of 44%. These two structures also show common features with a previously reported structure of a sodium-coupled succinate symporter, VcINDY, which is from the family of DASS transporters. In particular, their TM topologies, the general architecture comprising oligomerization and transport domains, and the presence of hairpins and discontinuous helices within the transport domains are similar. Differences were detected in the number of TM helices, and their arrangement in the oligomerization domain, and these differences are likely to be robust despite the limited resolution of the three structures (ranging from 2.96 to 3.95 Å).

This analysis provides strong support for earlier bioinformatic analysis, suggesting that the DASS (TCDB 2.A.47) and AbgT (TCDB 2.A.68) families belong to a common superfamily, which was named the ion-transporter superfamily ([@bib29]; [@bib5]). The observation that VcINDY and its homologues confer symport, whereas the AbgT transporters appear to conduct antiport, provides yet one more demonstration that the same secondary transporter architecture can be responsible for a plethora of distinct transport modes. The reasons why this particular fold was enlisted for these functional requirements remain unclear.

Our analysis and comparison of the few observed substrate/ion-binding sites in the three transporter structures provide several useful testable hypotheses for identification of the remaining uncharacterized sites. Specifically, we predict that for VcINDY, residues Thr373, Ser377, Asn378, Thr379, and Ser381 in HP2, and Ser412 and Thr421 in the L10ab loop may be involved in sodium binding. For MtrF, Glu147 in repeat 1 and Asp449 in repeat 2 were found close to the regions that bind sodium in VcINDY and YdaH. Although the resolution of MtrF is low (3.95 Å), the structure refinement was performed with the aid of selenomethionine isomorphous replacement, and therefore the positioning of these ionizable residues close to the central pocket is likely to be accurate. Therefore, we propose that these two residues, Glu147 and Asp449, may be involved in interactions with a coupling ion, presumably protons. Finally, for YdaH, we predict that if transport involves more than one sodium ion, then residues Ser129, Ser130, Thr132, and Asp134 in HP1, and Ser167, Ser171, and Asn173 in TM3b and L3ab are the most likely candidates for forming an additional sodium-binding site, and that Asp134 is a reasonable candidate for proton binding.

Our structural analysis of MtrF, YdaH, and VcINDY led to the finding that the S\[NHS\]xx\[ST\]-related motifs in the hairpins, known already in INDY homologues of the DASS family, also extend to the drug transporters of the AbgT family. In VcINDY, residues in the HP1 motif contribute to the Na2 site, and our comparative analysis suggests that residues in the HP2 motif contribute to the Na3 site. Interestingly, however, the equivalent sequence motifs in the AbgT transporters are in slightly different positions structurally, and appear not to be involved in cation binding directly. Nevertheless, the conservation of these motifs in two distantly related families from a diverse superfamily suggests that small or polar residues are an important feature of the hairpin loops in this architecture, possibly for structural or other mechanistic reasons. The NaPi-II transporter family (TCDB 2.A.58), which probably shares a common core segment with VcINDY, but lacks four of the more peripheral TM segments, also contains two conserved QSS motifs that are predicted to be located in the equivalent hairpins; residues from these motifs abolish transport upon mutation ([@bib11]). These observations suggest that the hairpin motifs are central to the mechanism of this apparently large class of transporters.

The relationship between the AbgT and DASS families within the umbrella of the ion transporter superfamily was inferred previously based on transitive homology involving two other families: AbgT to GntP (2.A.8), GntP to CitMHS (TCDB 2.A.11), and CitMHS to DASS ([@bib29]). This "daisy chain" establishes relationships even though direct comparisons between, for example YdaH (from the AbgT family) and VcINDY (from the DASS family) did not reveal any detectable sequence homology ([@bib29]). The observation that their structures have the same fold therefore strongly suggests that the GntP and CitMHS families also share this fold, and possibly others assigned to the ion transporter superfamily, such as the ArsB arsenite-antimonite efflux family (TCDB 2.A.45; [@bib29]).

Some of the largest differences between the three proteins occur in their dimerization domains. It is possible that such differences minimize the potential for heterodimer formation between unrelated but structurally similar transporters. However, because these three proteins are from different species, further analysis will be required to understand the roles of these differences (and their mechanistic implications) in native cellular physiology.

Our findings demonstrating a conserved fold among these proteins also have mechanistic implications. We speculate that even with divergence in detailed aspects of the mechanism, such as substrate specificity or antiport/symport, the nature of the conformational changes underlying transport are likely to be similar in scope among VcINDY, MtrF, and YdaH, and among the larger ion transporter superfamily. These structures provide little understanding about the basic mechanism of transport for these proteins, although their architectures, with clearly distinct transport and dimerization domains, suggest that they do not use the familiar "rocking bundle" conformational mechanism for alternating access. We have established here a fundamental architectural pattern among these proteins. Future work will be essential to define their precise mechanisms of transport and to understand the detailed features of their individual mechanisms, their commonalities, and their divergences.
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